In this paper we discuss some consequences of cosmological models in which the primordial cosmic matter is described by a relativistic imperfect fluid. The latter takes into account the dissipative effects (bulk viscosity) arising from different cooling rates of the fluid components in the expanding Universe. We discuss, in particular, the effects of the bulk viscosity on Big Bang Nucleosynthesis and on the thermal relic abundance of particles, looking at recent results of PAMELA experiment. The latter has determined an anomalous excess of positron events, that cannot be explained by the conventional cosmology and particle physics
INTRODUCTION
Bulk viscous pressure in cosmic media arises as a consequence of the coupling among the different components of the cosmic substratum. Since these components have different internal equation of state, their cooling is different as the Universe expands, giving rise to a deviation of the system from equilibrium. The different cooling rates of the components generate a bulk viscous pressure of the cosmic medium as a whole, that for homogeneous and isotropic Universe is the only possible dissipative phenomenon 1 . These dissipative processes are described in terms of imperfect fluid (see and references therein). In a FRW Universe, the dissipation is a scalar and can be therefore described as a bulk viscosity as referred to the thermodynamical approach [24] .
Since bulk viscosity enters into the Einstein field equations, it is natural to expect that it may affects the evolution of the primordial Universe. Such a modification of the standard cosmology alters the thermal histories of (relic) particles, hence their abundance. This scenario can be realized before the Big Bang Nucleosynthesis (BBN) epoch, a period of the Universe evolution not directly constrained by cosmological observations. When the expansion rate of the Universe is enhanced as compared to that one derived in the framework of general relativity, thermal relics decouple with larger relic abundance. The change in the Hubble rate may have therefore its imprint on the relic abundance of dark matter, such as WIMPs, axions, heavy neutrinos, and so on. These studies are strongly motivated by recent astrophysical results which involve cosmic ray electrons and positrons [25] [26] [27] [28] , antiprotons [29] , and γ-rays [30, 31] . Particular attention is devoted to the presence of the peak in the cosmic positron spectrum at energies above 100 GeV observed in PAMELA experiment [25] (see also [32] [33] [34] [35] ). Moreover, in this paper the effects of the viscous Universe are also investigated in the framework of the Big Bang Nucleosynthesis (BBN), i.e. the primordial light element abundance such as 3 He, 4 He, D, 7 Li, and in the framework of matter-antimatter asymmetry in the Universe referring in particular to the so called gravitational baryogenesis, a mechanism that gives rise to the origin of matter-antimatter asymmetry through a coupling between the baryon/lepton currents and the scalar curvature of the Universe.
The paper is organized as follows. In Section 2 we recall the main features of the bulk viscosity. In Section 3 we derive the constraints provided by Big Bang Nucleosynthesis. Section 4 is devoted to the analysis of relic thermal abundance, and we derive the order of magnitude of the mass of the dark matter particles required to explain the PAMELA experiment. In Sections 5 we discuss an interesting aspect of bulk viscosity in connection with the origin of matter-antimatter asymmetry in the early Universe. Conclusions are discussed in Section 6.
IMPERFECT FLUID
The general form of the energy-momentum tensor is [36] 
where Π is the scalar pressure (the bulk viscous pressure), h αβ = g αβ + u α u β is the projector tensor, q α is related to the energy flux, π αβ is the anisotropic stress. q α and π αβ satisfy the relations
Symmetries related to an isotropic and homogeneous Universe impose that q α = 0 = π αβ , and only the scalar dissipation Π is possible [24] . The energy-momentum conservation law T αβ ; β = 0 readṡ
where the dot stands for the derivative with respect to the cosmic time and Θ = u α ;α . In an homogeneous and isotropic (spatially flat) Universe, the Einstein equations read [36] 
where H =ȧ/a is the Hubble parameter and κ = 8πG = 8πm
GeV is the Planck mass). The general equation for the evolution of the Hubble parameter is given by [36] 
where τ is the relaxation time (the mean free time of the relativistic particle) that in general is time dependent, τ = τ (t),
is the propagation velocity of viscous pulse [37] , and ζ is the coefficient of the bulk viscosity. In a viscous medium the sound velocity is v 2 = c 1, i.e. the sound propagates with a subluminal velocity. We also used Θ = 3H.
In the ultra-relativistic regime (radiation dominated era) one has
where g * ≃ 106.7 are the relativistic degrees of freedom, the field equation (2.4) reads [36] 
2.1. The universe with particle production
In this Section we study the case of isentropic (or adiabatic) particle production, i.e. the number of particle is not conserved. Although the isentropic condition implies a constant entropy for particle, an entropy production is still present because of the enlargement of the phase space of the system due to the increasing of the number of perfect fluid particles.
If the number of particles is not conserved, one has to use [36] 
where Γ =Ṅ /N and N = na 3 (N is number of particles in the comoving volume a 3 ). Γ > 0 (< 0) means particles creation (annihilation). It is important to stress that a nonvanishing particle production rate gives rise to an effective bulk pressure of the cosmic fluid. Moreover, in a phenomenological description, Γ is a input quantity whose expression is calculated from the microphysics underlying the physical phenomena 2 .
Using the Gibbs equation T ds = d ρ n − p d 1 n and Eqs. (2.2) and (2.6) one gets
The conditionṡ = 0 (isentropic particle production) implies that viscous pressure is entirely determined by the particle production rate
It then follows [36] ṅ
In this description the cosmic substratum is a perfect fluid with varying particle number (and not a conventional dissipative fluid). The combination of Eqs (2.3) and (2.8) yields
The time evolution of the Hubble expansion rate H, for p = ρ/3 is given by [36] 
This is the counterpart of (2.5) for Γ = 0. In the particular case p = ρ/3 and ns = (ρ + p)/T , Eq. (2.12) reduces to the following expressionḦ
2 A more realistic scenario requires to consider a Universe with two or more fluids. For the case of two fluids, the continuity equations readρ
with i = 1, 2 and ǫ 1 = 1 = −ǫ 2 . Although these fluids do not separately satisfy the energy-momentum conservation, the total energy density doesρ + Θ(ρ + p) = 0, with ρ ≃ ρ 1 + ρ 2 and p ≃ p 1 + p 2 . In our case we are assuming for simplicity ρ ≃ ρ 1 ≫ ρ 2 .
Since pre BBN epoch is a period of the Universe evolution not directly constrained by cosmological observations, one has to require that the effects of bulk viscosity could manifest well before the BBN starts, hence for times t * (or temperatures T * ) lesser than those characterizing BBN: t * ≪ t BBN ∼ (10 −2 −10 2 )sec (or T * ≫ T BBN ∼ (10−0.1)MeV). However, it is worth to investigate what constraints the BBN provides once bulk viscosity effects are taken into account in the Universe evolution (this analysis is performed for a power law evolution of the scale factor a(t) ∝ t ς ). During the BBN, the relevant weak interactions are governed by the processes ν e + n ←→ p + e − , e + + n ←→ p +ν e , n ←→ p + e − +ν e .
The weak interaction rate of particles in thermal equilibrium is given by [38, 39] 
where q = 9.6 × 10
with m n,p are the neutron and proton masses. Here
is the sum of the weak interaction rates.
To estimate the primordial mass fraction of 4 He, one usually defines [38, 39] 
where λ = e −(tn−t f )/τ , t f and t n are the time of the freeze-out of the weak interactions and of the nuclesynthesis, respectively, τ ≃ 887sec is the neutron mean life, and x(t f ) = e −Q/T (t f ) is the neutron to proton equilibrium ratio. The function λ(t) represents the fraction of neutrons that decay into protons in the time t ∈ [t f , t n ]. Deviations from Y p (generated by the variation of the freezing temperature T f ) are given by
In the above equation we have set δT (t n ) = 0 because T n is fixed by the deuterium binding energy [40, 41] . By making use of the current estimation on Y p [42]
one obtains
Exact solutions of Eq. (2.4) are, in general, extremely difficult to determine. We make therefore the ansatz ω ≈ p/ρ ≈ ∂p/∂ρ ≈ 1/3 (the Universe evolves isotropically) and that the scale factor evolves, due to bulk viscosity, as a(t) ∝ t ς , where ς = 1/2 + δ with δ ≪ 1. Therefore, the expansion rate of the Universe can be written in the form
where
is the expansion rate obtained in General Relativity. Imposing that the expansion rate of the Universe is equal of the interaction rate, Λ ≃ H, one derives the freeze-out temperature T = T f (1 + δT f T f ), with T f ∼ 0.6 MeV and
Equations (3.7) and (3.5) imply
Hence, in the case Γ = 0, from Eq. (2.5) it follows that the relaxation time is given by τ H = Cς(1 − 2ς), with C = and ς > 1/2, i.e. the internal fluid dynamics limits the amplitude of the effective viscous pressure [36] ).
The trace of the energy-momentum tensor (Eq. (2.1)) reads
Using the definition of the scalar curvature R = −6(ä/a +ȧ 2 /a 2 ) and a ∼ t ς , one inferṡ
Both τ and Π vanish in the limit ς = 1/2 (δ = 0). Since
the dissipative Π term in (2.3) represents indeed a tiny perturbation to energy density.
DARK MATTER RELIC ABUNDANCE
As we have seen in the previous Sections, scalar pressure can give rise to a different evolution of the early universe, which may deviate from the standard cosmology provided by general relativity. In this Section we wish to discuss how these modifications of the standard cosmology affect the thermal relic abundance.
It is nowadays a very consolidate fact that our Universe is dominated by dark matter (as well as by dark energy, responsible of the accelerated expansion of the Universe), whose ratio with the critical density satisfies the bounds [43] 0.092 ≤ Ω CDM h 2 ≤ 0.124, where h = 100Km s −1 Mpc −1 is the Hubble constant. Favorite candidates for nonbaryonic cold dark matter seem to be the WIMPs (weakly interacting massive particles), which decoupled from the thermal plasma in the early Universe. The interest about these particles as dark matter follows from the fact that the abundance of WIMPs in chemical equilibrium in the early Universe agrees with the expected one in the context of cold dark matter.
According to standard cosmology and particle physics, the calculation of the relic densities of particles is based on the assumption that the period of the Universe dominated by radiation began before the main production of relics and that the entropy of matter is conserved during this epoch and the successive one. Once these assumptions are relaxed, a different relic density of particles is expected. In this scenario, therefore, any contribution to the energy density modifies the Hubble expansion rate, which reflects in a modification of the relic density values [44, 45] .
To account for the enhancement of the expansion rates, it is usual to write [45] 
H(T ) = A(T )H GR (T ) . (4.1)
Here H refers to the expansion rate of the cosmological model modified by bulk viscosity effects discussed in the previous Sections, while H GR refers to expansion rate of standard cosmology. The function A(T ) assumes values greater than 1 (A(T ) > 1) at large temperatures, and A(T ) → 1 before BBN set up. The last is imposed by successful predictions of BBN on the abundance of primordial light elements. The function A(T ) can be conveniently parameterized as [45] (see also [46] )
where η and ν are free parameters that characterize the specific cosmological model, and T f ≃ 17.3GeV is the normalization temperature: A(T f ) = 1 + η. The factor 1 + η is hence the enhancement factor of the Hubble rate at the time of the WIMPs freeze-out 3 . To explain the PAMELA data, together with Ω χ h 2 = Ωh 2 WMAP CDM = 0.1131±0.0034 [47] for dark matter annihilation into e + e − , the values of the parameter η must be [45] 0 η 10 3 . Let us now apply these results to an expanding Universe in presence of bulk viscosity, considering both the cases Γ = 0 and Γ = 0.
The case Γ = 0
Owing to the presence of a scalar pressure, a tiny deviation from standard cosmological evolution is expected. Let us therefore assume that the Universe evolution during the radiation dominated era is governed by the scale factor a ∼ t ς . The Hubble expansion rate can be written as .7) i.e. it corresponds to a overall boost of the Hubble expansion rate. Eqs. (4.1) and (4.2) imply 2ς = 1 + η and ν = 0. In particular, if one takes into account BBN constraints, Eq. (3.8), then it follows η = 2δ ≃ 10 −3 , hence, according to (4.6), the dark matter mass satisfying this condition is of the order m χ ∼ 10 2 GeV.
The ansatz for the scale factor a ∼ t ς implies that during the radiation dominated era, the rates H and Γ, related by Eq. (2.11), can be written in form
Moreover, it also follows that
These relations imply ρ ∼ T 4 . The exponent ς in the scalar factor a cannot be therefore arbitrary, but it is determined by Eq. (4.8). For simplicity we consider the case Γ = αH, with α = 3. One gets ς = 3 2(3−α) . For 0 α < 3, the Universe hence evolves more 3 To be more precise, the function A(T ) is parameterized such that for temperatures T > Tre it assumes the form
while for T ≤ Tre it approaches to 1. The temperature Tre denotes the temperature at which the Hubble rate reenters the standard rate of general relativity, while T f is a reference temperature, assumed in [45] as the temperature at which the WIMPs dark matter freezes out in the standard cosmology (T f ≃ 17.3GeV). In general, T f varies by varying the dark matter mass mχ. To avoid contradictions with big bang nucleosynthesis, it is required Tre 1 MeV. Estimations carried out in [45] have been obtained by setting Tre = 1 MeV. In the regime T ≫ Tre, the function (4.3) behaves as (4.2).
rapidly (a ∼ t 3 2(3−α) ) with respect to the standard case (a ∼ t 1/2 ), leading to an enhancement of the Hubble expansion rate. The latter is related to the standard one, H GR , by the relation (4.7). Comparing with (4.1) and (4.2), one hence obtains
According to (4.5), the dark matter mass is the order of m χ ∼ (10 2 − 10 3 )GeV for α ≈ 3, i.e. η ≫ 1, while α ≪ 1, i.e. η < 1, yields m χ ∼ 10 2 GeV, as follows from (4.6). In this Section we discuss a more general solution to Eq. (2.5). During the pre-BBN, the expansion rate of the Universe can be parametrized as
where H L , t L and Υ are constants. The relation between the cosmic time and the temperature T follows from the field equation (2.3). One infers
It is straightforward to determine the enhancement factor A(T ). Writing H = A(T )H GR = A(T )/(2t), one immediately obtains
By fixing parameters entering into (4.13) one can obtain the conditions for which Eqs. (4.4), (4.5) and (4.6) are fulfilled. Therefore, dark matter particles with mass of the order of (10 2 − 10 3 )GeV can be accommodate in this model.
The characteristic time τ (t) can be obtained by substituting (4.11) into Eq. (2.5)
Mutatis mutandis, similar results follow for Γ = 0 by using (2.13), i.e. in the case of particles production.
GRAVITATIONAL BARYOGENESIS
Let us discuss the effects of the bulk viscosity on the generation of baryon asymmetry. The origin of the baryon number asymmetry in the Universe is still an unsolved problem [39, 48] . The success of the big bang nucleosynthesis [49, 50] and the observations of Cosmic Microwave Background anisotropies (combined with the large structure of the Universe [51, 52] ) show that the parameter characterizing such an asymmetry is of the order
where n B (nB) is the baryon (antibaryon) number density, and s the entropy of the Universe (s = 2π 2 g * T 3 /45). In this paper we refer to the model proposed in [53] . Here the baryon number asymmetry is due to a dynamical breaking of CPT (and CP) symmetry that is generated by the coupling of the derivative of the Ricci scalar curvature R with the baryon current
where M * is the cutoff scale characterizing the effective theory. If there exist interactions that violate the baryon number B in thermal equilibrium, then a net baryon asymmetry can be generated and gets frozen-in below the decoupling temperature T D . Here the thermal equilibrium of interaction that violate B does not refer to those interactions that generate the bulk viscosity, as discussed in the Introduction. From (5.2) it follows 
where g * ∼ 106.7. The trace of field equations giveṡ
Deviations from the standard cosmology provide a non vanishingṘ, so that a net baryon asymmetry can be be generated also during the radiation dominated era (ω = 1/3). To computeΠ we confine ourselves to the case 4 Γ = 0. Using Eqs (2.8) and (2.10), and taking Γ ∼ H and M * = m P / √ 8π, it follows thaṫ
so that the baryon number asymmetry (5.3) is
The net baryon asymmetry (5.1) follows for decoupling temperature of the order T D ∼ 10 −3 m P , i.e. at GUT scales.
CONCLUSION
In this paper we have analyzed some cosmological consequences of imperfect fluids, which are characterized by an energy-momentum tensor that contains, in general, the bulk viscosity pressure, the energy flux and the anisotropic stress. The bulk viscosity term, which we were mainly interested in, arises in mixture of matter (either of different species as in a radiative fluid or of the same species but with different energies as in a Maxwell-Boltzmann gas) or particle production.
Deviations from the standard cosmology, induced by scalar pressure, have important impact on the problem of dark matter in the Universe. The recent results of PAMELA experiment may be interpreted as identifying relic particles as the main constituents of dark matter. The scalar pressure generates in the early Universe an enhancement of the Hubble expansion rate, giving rise to thermal relics with a larger abundance. We have estimated that the mass of the WIMPs dark matter, required to explain the excess of positron events found in PAMELA experiment, must be of the order of 10 2 GeV. Assuming that during the pre-BBN the Universe evolves according to (4.11) , direct calculations show that a net baryon asymmetry can be generated, and that the observed value (5.1) can be obtained for appropriate fine tuning of free parameters {Υ, H L , t L }. Instead, in the case in which the scale factor evolves as ∼ t ς , and BBN constraints are taking into account, a net baryon asymmetry is still generated, but it is too small with respect to the observed value (5.1).
